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Abstract
In this work, the thermoelectric properties of β-MnO2 powders as a function of electrical resistance are

measured and compared to theoretical models. The discovery of a giant Seebeck coefficient by Song et al. in
these powders rejuvenated interest in understanding the physical mechanism behind it. A simple pestle and
mortar method was used to modify the MnO2 powder sizes. We find the largest S coefficient, power factor, and
thermal conductivity values were found to be S=-316 µV/K, σS 2 =5.8×10−7 W/mK 2 and k=0.2096 W/(mK), all
observed at a particle electrical resistance of R=9.8 Ω. From these values the highest figure of merit was observed
to be ZT=3.28×10−4 . Ab initio density functional theory and non-equilibrium Green’s functions method with a
local density approximation was used to simulate the thermoelectric properties of MnO2 nanowires. The power
factors obtained from theory and experiment are within the same order of magnitude, which implies that power
factor remains constant independent of particle size. Based on the experimental and theoretical evidence, a
model for the formation of micrometer size MnO2 conglomerates is proposed.
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Introduction
The environmental impact of energy sources is one of the most important global issues. Eventually fossil

fuels will no longer be a reasonable source of energy and alternate energy sources will be needed. Thermoelectric
(TE) materials are a viable option to replace the burning of fossil fuels. TE materials are reliable, cost effective,
and can convert wasted heat directly into useful electricity. Thermoelectric devices (TED) made out of Bi2 Te3
are already commercially available and used for small-scale energy harvesting1 . A TED’s efficiency is quantified
by a dimensionless figure of merit, ZT=(σS2 T)/(kE +kL ), where S is the Seebeck coefficient, σ is the electrical
conductivity, T is the temperature, and kE and kL are the carrier and lattice thermal conductivity, respectively.
This makes sense because the Seebeck coefficient is the effectiveness of converting temperature difference to
temperature. The higher that efficiency the better a thermoelectric device. As thermal and lattice conductivity
is increased is is not as easy for electricity to be conducted because the thermal energy is favored. One of the
main drawbacks of TEDs is the fact that the ZT efficiency is still around unity, which limits the applications
of such devices to small-scale energy conversions. To improve TEDs one needs to improve the ZT values for
TE materials. The best TE material is theoretically a “phonon-glass electron-structure” (PGES) meaning that
the materials should have a low lattice thermal conductivity like a glass, and a high electrical conductivity
like a crystal2,3 . Although Bi2 Te3 is poisonous, commercially available TEDs are still made with it, because it
exhibits one of the highest ZT values at room temperature (i.e. ZT ∼ 1). Transition metal oxides (TMOs) are
attractive materials for replacing Bi2 Te3 because they are non-toxic, inexpensive, withstand high temperatures,
and have minimal impact on the environment4 . Walia et al. have written a recent review about the thermoelectric properties of TMOs. In particular, manganese dioxide (MnO2 )-based materials are of great interest
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for various applications, ranging from catalysts and batteries to energy efficient devices and carbon storage
applications6,7,8,9 . Mn atoms are multivalent, and thus form oxides with several different stoichiometries10 . At
room temperature and atmospheric pressure, the most stable phase is β-MnO2 , which crystalizes in a pyrolusite
(or a rutile) crystal structure, but other metastable phases such as α and γ exist as well5,11,12,13,14,15 . Song et
al. have demonstrated a TE generator that lit up a regular light emitting diode based on β-MnO2 powders14 .
They found that within the particle resistance value range of 30 − 120 kΩ the S coefficient was in the range of
20,000-40,000µV/K, a value which is much higher than previously reported values. A typical Seebeck value for
MnO2 is 200µV/K. Different particle resistance values should affect the ability for electricity to flow through
the material and therefor effect the ability of a thermoelectric device. This finding ignited interest in β-MnO2 ,
for example, as the TE material in a thermopower wave source demonstrated by Ref. [16]. Although the
semiconducting properties of MnO2 are well known [13], less is known about the TE properties of this system.
In the literature there are five reports of the electrical conductivities and S coefficient values for MnO2 powders
[11, 12, 13, 15, 16]. However, out of these works only the Ref. 16 reported thermal conductivity values.
In this work we present the first experimental and theoretical investigation of TE properties of MnO2 powders as a function of electrical resistance. We experimentally correlated the measured TE properties with the
particle electrical resistance in the range of R=10-80Ω. The largest S coefficient, largest power factor, and
smallest thermal conductivity values were found to be S=-316 µV/K, σS 2 =5.8x10−7 W/mK 2 and k=0.2096
W/(mK), all observed at particle electrical resistance of R=9.8 Ω. From these values the highest figure of merit
was observed to be ZT=3.28x10−4 . In the computation/theory part of this work, we simulated thermoelectric
properties of MnO2 nanowires by using ab initio density functional theory and non-equilibrium Green’s functions method with a local density approximation. We found good agreement between theory and experiment;
especially between the experimental and theoretical power factors. Based of the experimental and theoretical
data presented we propose a possible crystalline conglomerate structure for the β-MnO2 systems.
Since the Song research team used such small nanoparticles sizes, we assumed that the smaller the particle
size, the higher the Seebeck coefficient would be. Also, we hypothesized that increasing the resistance would
also increase the Seebeck Coefficient. These Seebeck trends made us infer that the figure of merit would increase
with smaller particle sizes and larger resistances. While S did increase with resistance, k increased as well and
our data showed that the largest particle sample (S4) had the highest ZT values.
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3
3.1

Experiment
Particle Size Modification

Figure 1: Images (a-e) are the SEM results of MnO2 particles for samples S4, S5, S6, S7 and S8. Image (f)
shows TEM of the particles for sample 8, respectively. Sample 4 has been group for 0 minutes, 5 for 15 minutes,
6 for 30 minutes 7 for 45 minutes and 8 for an hour.
Other research teams modified (or obtained) the MnO2 particles by ball milling [14], hydrolytically depositing powder (Ref. [13]), depositing by pyrolytic techniques [11, 15], and by reduction processes [12]. In
this work, we purchased commercial MnO2 powders (Sigma Aldrich, 60-230 mesh) and we ground 5 samples
by a pestle and mortar method to produce varying particle sizes. Sample S4 was not modified and remained
the original size. The rest of the samples (i.e. S5 through S8) were ground for increasing increments of 15
minutes each. The altered samples were hand ground in a ceramic-coated mortar and pestle containing 95%
spectrophotometric grade ethyl alcohol, 190 proof (95%) (Fisher Scientific, catalog number AC61511-0010).
Figure 1 shows scanning electron microscopy (SEM) images of samples S4, S5, S6, S7, and S8 and a transmission Electron Microscopy (TEM) image of sample S8 is shown in Fig. 1(f). As the MnO2 powders were ground,
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small flakes broke off from the larger particles. Over a longer grinding period, more and more of these flakes
broke off of the original particles creating two distinct sizes. ImageJ software was used to measure average
dimensions assuming that the particles had cubic symmetry in 3D (or square symmetry in 2D)(Table 1)
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.

The as-received average particle size of sample S4 was d4(1) =140 ± 2µm. After 15 minutes of the particle size
modification procedure, sample S5 showed three different sizes, namely d5(1) =112 ± 10µm, d5(2) =135 ± 7 µm,
and d5(3) =12 ∓ 1 µm. It is clear that there was only a 3.23% decrease from the initial size of 140.45 µm to
135.91 µm in sample S5 and small flakes which broke off of the larger particles started to appear [Fig. 1(b)].
Sample S6 showed two particle sizes, namely d6(1) =24.47 ± 0.85 µm and d6(2) =11.98 ±0.12 µm. We noticed
that, for this set of samples, between samples S5 and S6 we recorded the largest particle decrease change of 82%
from 135.91 µm to 24.47 µm. The decrease in the small particle sizes was only 2.69% [Fig. 1(c)]. For sample
S7 we found two particle sizes (i.e. d7(1) =23.27 ± 1.29 µm and d7(2) =1.06 ± 0.02 µm ). In this case, from
sample S6 to S7 the small particle sizes decreased the most (i.e. from to 12 µm to 1 µm, a 91.15% decrease)
[Fig. 1(d)]. Lastly, for sample S8 there were two particle sizes measured at µm scale (i.e. d8(1) =5±0.09µm and
d8(2) =0.83±0.03µm ) and a third particle size at nm scale (i.e. d8(3) =6.11±1.23nm ). The TEM image from
Fig. 1(f) shows a closer view of sample S8. It is clear to see that the smaller particles form large conglomerates
and the larger particles also tend to bunch with the bigger conglomerates.

Table 1: Particle sizes of samples S4, S5, S6, S7, and S8 as measured for Fig. 2 (a – e). In order to calculate
the particle sizes, we assumed a cubic symmetry (3D), or in our case, a square (2D) symmetry for the MnO2 particles
because our particles exhibit a rutile -MnO2 crystal structure. The particle sizes tabulated here were given as a side
length of a square and it was calculated as the square root of the particle areas.

sample
size
particle
size (µm)
grinding (min)

a
S4
1
140
±2
0

b
S5
1
112
± 10
15

2
136
±7

3
12.3
± 0.4

c
S6
1
24.4
± 0.9
30

2
12.0
± 0.1

6

d
S7
1
23.2
±1
45

2
1.10
±0.02

e
S8
1
5.10
± 0.09
60

f
2
0.80
± 0.03

3
0.006
± 0.001

3.2

Apparatus

Figure 2: Experimental setup used for measurements of Seebeck coefficient (S), and electrical conductivity (a).
A typical plot of S measurement performed with a homemade LabView software (b). A typical plot of an IV
measurement that was taken manually (c).

The apparatus used to measure Seebeck coefficient and electrical conductivity are shown in Fig. 2(a).
The MnO2 particles were placed in a plastic tube between two copper plugs. The tube has an inner diameter
of 14.34 mm and the copper plugs were turned down to size to ensure that no particles would escape from
the tube. The small diameter of the plugs is 20 mm while the larger diameter is 35 mm and the height is 5
mm. A commercially available, high temperature thermoelectric generator (TEG) device was placed on the
bottom plug while an insulating plate was placed on the top plug. A hole large enough to fit a thermocouple
was drilled down through the center of both plugs until approximately 1 mm of copper separated the end of
the hole and the particles. A K-type thermocouple was placed in each of these holes to monitor temperature
and the whole setup was then placed between a micrometer. By adjusting the height read by the micrometer
we applied pressure to the samples. This pressure applied was used to vary the particle density and electrical
resistance. All the samples were measured at a resistance range of 10-80 Ω. A similar set up for measuring the
S Coefficient was also used by [14].

3.3

Seebeck Measurements
The Seebeck coefficient (S) is a measure of the magnitude of an induced thermoelectric voltage in response

to a temperature gradient across the material (i.e., S = −∆V /∆T ). We measured S by using the setup shown
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in Fig.2(a). A temperature difference was created between the bottom copper plug and the top copper plug
by we plugged a thermoelectric generator (TEG) into a DC voltage source and set at 2.334V [Fig. 2(a)].
We connected the thermocouples along with copper wires soldered to both plugs to a data collection unit
interfaced to LabVIEW so that voltage and temperature difference between the copper plugs could be measured
[Fig. 2(a)]. We then turned on the voltage source for 90 seconds. After 90 seconds, we took measurements
of voltage and temperature difference until the temperature difference between the copper plugs was ∆T ≥
5K.The thermocouples monitored the temperature gradient across the particles and the copper wires soldered
to the plugs read the S voltage produced. The data collected in LabVIEW was then plotted to determine the S
coefficient and a typical measurement for sample S4 is shown in Fig. 2(b) (i.e. S=316µV/K at a resistance of
R=73.3Ω).

3.4

Electrical Conductivity Measurements
Electrical conductivity (σ) was calculated by using σ=x/(Rp A). Where x is the measured tube distance

occupied by MnO2 particles, RP is the measured MnO2 particle resistance extracted from I/V plots, and A is
the cross section area of the plastic tube [Fig. 2(a)]. A typical I/V curve is presented in Fig. 2(c) for sample
S4 and the calculated resistance was Rp =17 Ω.

3.5

Thermal Conductivity
We initially used the Transient Harmond method to calculate values for thermal conductivity; however we

realized that these values were very unrealistic for our thermal conductivity values. We sent two samples (S4
and S6) to ThermTest [18] to analyze their thermal conductivities at varying densities. The thermal conductivities (k) and densities were measured [Table 2]. ThermTest used, for our measurements, the TPS 2200 Thermal
Constants Analyzer instrument, which uses the transient plane source method explained elsewhere19 .

Table 2: Thermal Conductivities of samples S4 and S6 at different packing densities.
Sample number
S4
S4
S6
S6

Thermal Conductivity
0.2096 ± 0.0013
0.5153± 0.0050
0.3417 ± 0.0008
0.5137 ± 0.0008

Density (kg/m3
2503
2700
3100
3500
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4

Computation/Theory

Figure 3: Computational MnO2 nanowires with 4, 6, 8, and 10 unit cells (uc) connected between an anode
(left) and a cathode (right).

Although each sample of MnO2 powders measured in this work has a wide range of sizes such as nanometer,
mesoscopic, and micrometer (nano-meso-micro), we compared these experimental data with computational
results observed at nanometer scale. In such nano-meso-micro systems, the electronic transport is a combination
of both ballistic and diffusive (impurity scattering) types, and therefore Ohm’s laws are well satisfied. However,
as one goes in the nanoscale regime, where the system size is smaller than the electron mean-free path (generally
≤ 100 nm), the electronic transport is primarily ballistic and quantum effects play key role in the conductivity
of the system. In the Results and Discussion section we discuss the similarities between nanometer systems
computed theoretically with the nano-meso-micro system measured experimentally. We present theoretical
simulation of the electrical conductivity and the Seebeck coefficient for various MnO2 nanowires by using ab
initio density functional theory and non-equilibrium Green’s functions method (DFT+NEGF) with a local
density approximation. Our DFT+NEGF calculations are done using the device geometry as shown in Fig. 3.
As in a standard device calculation using DFT+NEGF method, our left and right electrodes are within the
periodic unit cell with periodicity in all directions, (x,y,z). On the other hand the central region is not periodic in
the z-direction since in a typical transport calculation one may use voltage difference along z-axis, which breaks
the translation symmetry in that direction. In the left and right electrodes we used 10 × 10 × 100 k-points while
in the central region it was 10 × 10 × 1 [Fig. 3]. For transport simulation we used Atomistic Toolkit which
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uses a generalized gradient approximation (GGA) with Perdew–Burke–Ernzerhof (PBE) exchange-correlation
potential for DFT part and Landauer-Buttiker formalism for NEGF calculations. Such calculations are highly
accurate for nano-scale systems although computationally expensive. For this atomic scale simulation, we
have considered MnO2 nanowires with four different lengths of 11.484 Å (L0 ), 17.226 Å, 22.968 Å, and 28.710
Å(shown in Fig. 3). Since all the lengths are much smaller than the electron mean-free path (∼ 100 nm), the
conductance for these systems is within the ballistic limit. Through the simulation of a varied applied potential
difference from 0 – 1.8 V between left and right electrodes, we calculated the transmission spectrum T(ω) for
all four MnO2 nanowires. From transmission spectra, one can obtain the current from equation 1 below:

I=

e
h

Z

∞

T (ω)[nF (E − µL ) − nF (E − µR )]dω

(1)

−∞

Here, nF is the Fermi distribution, h is Planck’s constant, e is the electron charge, are the chemical potentials
of left and right electrodes. In figure 4, we present the current as a function of applied voltage (a) and the
calculated conductance (dI/dV) (b). Since the ballistic transport is weakly dependent on the length of the
nanowires and varies dramatically due to fluctuations of the ground states, we determined the average resistance
(resistivity) and conductance (conductivity) as a function of device length for the four MnO2 nanowire devices
[Fig. 4(c) and (d)]. As the nanowire size is increased, there is a distinct increase in the overall resistance and
resistivity. In such atomic scale, where the diffusive transport from scattering is weak, the standard Ohm’s
law is not satisfied. Here, we used the same definition for conductivity as in part D of this work, mainly
σ=L/(RA)=(LG)/A, where L is the length of the nanowire, R is the resistance, A is the cross-sectional area of
the nanowire, and conductance is given by G = dI/dV.
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Figure 4: Current (a) and differential current (b) as a function of applied voltage for each nanowire MnO2
nanowire (i.e. 4uc, 6us, 8uc, and 10uc). Average resistance/conductance (c) and resistivity/conductivity (d) as
a function of MnO2 nanowire length.
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5
5.1

Results and Discussion
MnO2 Particle Properties

Figure 5: Experimental x-ray diffraction results of samples S4, S5, S6, S7, and S8. Sample S4 was the as
received, while samples S5, S6, S7, and S8 were prepared by hand-grinding with a mortar and pestle for 15, 30,
45, and 60 min. respectively.

Manganese dioxide has three distinct phases (α, β, and γ). From a TE standpoint, β-MnO2 is preferred
since the electrical conductivity of α-phase MnO2 is approximately 6 orders of magnitude lower. We preformed
X-ray diffraction (XRD) to determine which phase the particles used in this study had. Shown in Fig. 5 are
the main peaks seen in XRD over the range 25◦ ≤ 2θ ≤ 70◦ for MnO2 powders for samples S4, S5, S6, S7, and
S8, respectively. The samples were backmounted on a 16 mm diameter standard powder sample holder and
rotated with an angular speed of 3 RPM with a scan time step of 100.7s. The peaks observed at 2θ ∼ 28.7◦ ,
37.4◦ , 41.0◦ , 42.8◦ , 46.1◦ , 56.7◦ , 59.4◦ , 64.9◦ , and 67.3◦ correspond to the crystallographic directions of [110],
[101], [200], [111], [210], [211], [220], [002], and [310], respectively. The position and orientation of these peaks
confirm that our particles have β-MnO2 crystal structure (i.e, pyrolusite).This crystal structure is part of the
rutile tetragonal group and it is composed of parallel chains of octahedrons made up of Manganese ions that
are each surrounded by six O2 atoms.
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Figure 6: 100 and 010 directions of MnO2

5.2

Thermoelectric properties

Figure 7: Experimental electrical resistance versus MnO2 powder length (a), S versus resistance (b), σ vs.
resistance (c), and power factor (PF) versus resistance (d). The electrical resistance here is denoted in the text
as RP.
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For all of our experimental measurements, we took three different measurements and averaged them. We
plotted the average of all three of the measurements with the error bars as the standard deviation. Our error
propagation is explained further in Appendix A.
Figure 7(a) shows that RP for samples S4 through S8 varies exponentially with tube length (L). This
response induces further exponential behavior observed in σ and power factor (σS 2 ) versus RP [FIg. 7(c), and
(d)].
The measured S coefficient varies linearly with RP and it has larger values at smaller resistances [Fig. 7(b)].
Samples S4 and S5 have steeper slopes as compared to samples S6, S7, and S8 and we attribute this behavior
to the length saturation explained above.
The largest (smallest) S coefficients were measured for samples S4 (S5) at values of S=316 µV/K (-288µV/K)
and at resistances of 9.8 Ω(69Ω). [Fig. 7(b)]. Our absolute values for S coefficients agree very well with reported values by works of Refs. [12,13,15,16](i.e. | S | =71-273 µV/K)(Table 3). However, we were not able
to see the giant S coefficient observed by Song and co-workers which is understandable considering the range
of resistance values we measured at (i.e. Rp =10-80 ) as compared to Song’s resistance values (i.e. 30-120KΩ
). Also, our method of particle modification (i.e., explained in the Particle Modification section) was quite
different. Our data also suggests that the S coefficient increases with decreasing RP , which is opposite to
the work of Song et al. (i.e. S=-20,000 µV/K measured at R=3-KΩ ) and (i.e. -40,000 µV/K measured at
R=120 KΩ)[14](Table 3). A possible explanation for the existence of giant S Coefficient can be understood if we
consider Eq. 2, which is a good approximation for several µm thick films made of nano-meso-micro grain sizes23 .

Table 3: MnO2 crystalline phase, conductivity (σ), Seebeck coefficient (S), power factor (σS 2 ), thermal conductivity
(k), figure of merit (Z), unitless figure of merit (ZT) and temperature (T) for this work and literature. NP stands for
nanoparticle, P stands for powder, TF stands for thin film, NMµ stands for nano-meso-micro (** refers to This Work).
MnO2 Phase
β(NP)
β(TF)
γ (P)
γ(P)
β(NP)
β(NP)
β(NP)
S4 β (NMµ)
S6 β (NMµ)
S4 β (NMµ)
S6 β (NMµ)
Mn(OH)2 (TF)
Mn(OH)2 (TF)
γ (TF)

σ(S/cm)
1.00 × 10
1.00 × 10
8.20 × 10−1
1.79
7.64 × 10−5
1.27 ×10−4
3.18 ×10−5
5.77 ×10−2
4.53 ×10−2
7.79 ×10−3
6.64 ×10−3
2.00 × 10−6
2.09 × 10−6
2.24 × 10−6

S(µV/K)
-1.90 × 103
-3.00 × 102
-3.06 × 102
-2.00 ×102
-3.00 ×104
-2.00 × 104
-4.00 × 104
-3.16 ×102
-3.11 ×102
-2.94 ×102
-3.03 ×102
-1.29 ×10
-1.23 ×10
-7.0

S=

σS 2 (W/mK 2 )
3.61× 10−3
9.00 × 10−5
7.68 × 10−6
7.16×10−6
6.88×10−6
5.09 × 10−6
5.09× 10−6
5.76 ×10−7
4.38 ×10−7
6.75 ×10−8
6.10 ×10−8
3.33×10−14
3.16×10−14
1.1 ×10−14

k(W/mK)
4.0
0.5153
0.5137
0.2096
0.3417
-

 π 2/3
2
8m∗ π 2 kB
T
3eh2
3n
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(2)

Z(1/K)
9.0 × 10−4
1.12 ×10−6
8.53 ×10−7
3.22 ×10−7
1.78 ×10−7
-

ZT
5.6 × 10−1
3.28 ×10−4
2.50 ×10−4
9.46 ×10−5
5.23 ×10−5
-

T(K)
623
300
300
300
300
300
300
293
293
294
293
523
473
573

Refs.
5
11
12
13
14
14
14
**
**
**
**
15
15
15

Where, n is the carrier concentration, m* is the carrier effective mass, e is the electronic charge, T is the
temperature, h is the Planck’s constant, and kB is the Boltzmann constant. It is obvious that S is increasing
linearly with T and/or with m*. Additionally, Eq. 2 shows that any decrease in carrier concentration can also
enhance S. We recently measured the carrier concentration of sample S8 by using a homemade, modified Hall
effect with Van Der Pauw geometry system24 . We measured carrier concentration (n* ) as a function of RP
in the powder form. According to Ref. [25] the powdered semiconductors show some obvious similarities to
thin films insofar as they may have similar grain sizes and the surface of the grains can accommodate surface
states which trap charge just as do the grain boundaries in films. The important difference between the two
lies in the constrictions to current flow imposed by the rather small grain-to-grain contacts. Our preliminary
measurements show carrier concentrations as small as n*=6.44×1020 (1/m3 ) (taken at Rp 70Ω ) which is ∼ 4
orders of magnitude smaller than the bulk values [i.e. nbulk =3.46×1024 (1/m3 ) ] [14]. This difference in measured
n* between powder and bulk MnO2 can account for an increase of S from ∼ 240µV/K to ∼75 mV/K. This
finding is in good agreement with the results of Song et al. who concluded that the giant S is very possibly
R∞
related closely to the surface density of state (DOS) since the n*= EC f(dn/dE)dE where f is the Fermi-Dirac
distribution, and dn/dE is the density of available surface states.
Figure 7(c) shows σ versus RP for samples S4 through S8. We find that the largest (smallest) σ data were
measured for samples S4 (S8) at values of 0.058 S/cm (0.0064S/cm) and at resistances of Rp =9.8 Ω (Rp =79 Ω).
In Fig. 7(d) we show the power factor (σS 2 ) versus RP . The largest (smallest) power factors we had obtained came for samples S4 (S8) 5.8×10−7 W/(mK2 ) (5.7×10−8 W/(mK2 ) ) at resistances of Rp =9.8Ω (Rp =79Ω
). Our power factor values are lower than other works by Walia et al. [i.e. 3.61×10−3 W/(mK2 ] [16], Islam et al.
[i.e.9×10−5 W/(mK2 )] [11], Xia et al. [i.e. 7.68×10−6 W/(mK2 )] [12], Priesler et al. [i.e. 7.16×10−6 W/(mK2 )
] [13], and Song et al. [i.e. 6.88×10−3 6W/(mK2 ) and 5.09×10−6 W/(mK2 )] [14]. It is worth noticing that only
works of Walia et al. and ours have reported values for k so far. Walia et al. ball-milled commercially available
MnO2 powder for 20 h at 500 rpm with a ball-to-powder ratio of 10:1 and they observed MnO2 conglomerates
with sizes ranging from 400 – 700 nm. Although the particle modification used by Walia et al. was similar
to the works of Song et al., they also did not observe giant S coefficient as observed by the work of Song et al [14].
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Figure 8: Literature (experimental) data for PFs vs. σ (also this data is presented in Table 3). Our results
from samples S4 and S6 are presented in solid green and red triangles. [b] Computational S coefficients/PFs as
a function of device resistance.
In Fig. 8(a) we present power factor values found in the literature and this work. In Figure 8(b) we present
power factor values obtained from the computational work performed for this work.

In table 3 we present values for the figure of merit Z (1/K) and the unitless figure of merit ZT reported in the
literature. It appears that the highest Z and ZT values were obtained by the work of Walia et al. (i.e. Z=9×10−4
1/K and ZT=5.6×10−1 ). If we were to assume a thermal conductivity value of k=0.2096 (our lowest k values
measured) for the other works that did not report thermal conductivity (Table 3) the highest Z and ZT values
would still belong to the work of Walia et al. followed by the works of Islam et al. (i.e. Z=4.29×10− 4 1/K and
ZT=1.29×10−1 ), Xia et al. (i.e. Z=3.66×10−5 1/K and ZT=1.1×10−2 ), Priesler et al. (i.e. Z=3.42×10−5 1/K
and ZT=1.02×10−2 ), Song et al. [i.e.Z=(7.29-9.84)×10−3 1/K and ZT=(2.43-3.28)×10−5 ], and Bhargrande et
al. (i.e. Z=(0.254-1.59)×10−13 1/K and ZT=(3.0-8.3)×10−11 ]. So far, works that reported high conductivities
also had the highest power factor values [16, 11, 12]. While Song et al. reported giant S coefficient values of
S=20,000-40,000µV/K, their reported electrical conductivity was σ=(3.18-12.7) ×10−5 S/cm, which has a strong
contribution towards lowering their ZT values.
From a computational standpoint, through an analysis of the calculated transmission spectra, we can determine the transport properties using a varying bias voltage. In Fig. 8(b), we show the calculated S coefficient
and power factor as a function of nanowire resistance. It is important to note that these calculations are specifically preformed at the nanoscale and are strictly within the quantum limit. Therefore, for a comparison of the
nanoscale calculation to the experimentally determined values [Fig. 8(a)], we have calculated the power factor.
Here, we find good agreement between the simulated structures and that of the experimentally determined values. Although the power factor in our computational part is calculated only at nanometer scale, the resulting
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theoretical calculated values are at the same order of magnitude as the experimental ones [i.e. comparison
between Fig. 8(a) and Fig. 8(b)]. This supports the nanoscale domain sizes that were observed in experiment
and also means that the power factor stays constant no matter the size of the system.

Figure 9: Proposed model for the MnO2 conglomerates.
In Fig. 9 we present a model of the MnO2 powders. The experimental and theoretical data presented in
this paper supports the idea that MnO2 powders are formed off of big conglomerates of nano scale crystallites
that are held together by weak Van Der Waals forces.

6

Summary
In summary, we have experimentally and theoretically investigated the thermoelectric properties of MnO2

powders as a function of electrical resistance.
In the experimental part of this work, we modified the MnO2 powder sizes by using a pestel and mortar
method. The measured thermoelectric properties were correlated with the electrical resistance in the range of
R=10-80 Ω. According to TEM data most of the MnO2 show a wide range of crystallites sizes that span from
17

nanometer to micrometer sizes. We found that our experimental MnO2 powders have the β crystal structure
[14], which is desired for thermoelectric studies due to high electrical transport properties. We observed that
resistance vs. tube length displays an exponential behavior, which influences the electrical conductivity. The
largest (smallest) S coefficients were measured for samples S4 (S5) at values of -316µV/K (-288µV/K) and at
resistances of R=9.9Ω (R=79 Ω). The largest (smallest) power factors we had obtained came for samples S4 (S8)
5.8×10−7 W/(mK2 ) (5.7×10−8 W/(mK2 )) at resistances of R=9.8 Ω (R=79 Ω). Tube length tends to saturate
for sample S6 affects the Seebeck coefficient trend as well. The Seebeck coefficient measurements are consistent
with literature values [11]. Thermal conductivity values were measured to be in the range of k=0.2096-0.5153
W/(mK) . Only one other work by Walia et al. reports another value for MnO2 powders [16].
In the computational/theoretical part of this work, we simulated thermoelectric properties of MnO2 nanowires
by using ab initio density functional theory and non-equilibrium Green’s functions method with a local density
approximation. For this atomic scale simulation, we have considered MnO2 nanowires with four different lengths
of 11.484 Å (L0 ), 17.226 Å, 22.968 Å, and 28.710 Å. Since all the lengths are much smaller than the electron
mean-free path (∼100 nm), the conductance for these systems is within the ballistic limit. From transmission
spectra we were able to calculate the current that flows between the metallic electrodes.
We found good agreement between theory and experiment especially between the experimental and theoretical power factors. Which are within the same order of magnitude. This implies that the power factor
remains constant no matter the particle size. Based of preliminary results obtained by Hall effect, we argued
that the giant Seebeck coefficient observed the Song et al. [14] is related to the carrier concentration. This
is based on the fact that we observed about 4 orders of magnitude lower carrier concentration for our MnO2
powders compared to MnO2 thin films. This finding is in agreement with the conclusion of Song et al. that
the giant Seebeck coefficient is possibly related to the surface density of states. We also proposed a model that
describes the formation of MnO2 conglomerates. Based of the experimental and computational results presented
in this work, we believe that the big, micrometer size particles are composed of smaller (even nanometer scale)
crystallites that are held together by weak van der Waals forces.
Future experiments will include a systematic study of Hall effect measurements of carrier concentration as a
function of electrical resistance and special attention will be devoted to electrical resistances ranges of R=30-120
KΩ. This might elucidate the existence of the giant Seebeck coefficient.

7

Appendix A
Three trials were taken for each measurement of Seebeck Coefficient and electrical conductivity values.

From these trials we extracted the standard deviation, which was used as ± error. The Canadian group also
provided us with standard deviations. To calculate the figure of merit we used the following standard error
propagation equations:
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(d(ZT )) =

We derived the error propagation starting with equation 1. The change in z is equivalent to dz (also for
dx and dy) and the necessary substitutions were made for equation 2. The equation was then adjusted to fit
the figure of merit equation (3). Since the figure of merit is composed of Electrical Conductivity, Seebeck,
Temperature, and Thermal Conductivity and its exponents are used for multiplicity. We followed the formula
and solved for the change in ZT for our ± error.
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